 We investigated availability of particulate iron to marine phytoplankton. 1  Suspended particulate matter (SPM) collected from the nepheloid layer was used. 2  Iron in the SPM was available which provide healthy growth of phytoplankton. 3  Such particulate iron supports biological production around the Kuril Islands. 4
Introduction 31
Iron (Fe) is the most important micronutrient for marine phytoplankton growth, 32 because of its key role in processes such as photosynthesis and nitrate and nitrite assimilation 33 (Raven et al., 1999) . However, the thermodynamically stable oxidation state of Fe in oxic 34 surface seawater is predominantly Fe(III), which has an extremely low solubility (Stumm and 35 Morgan, 1996; Kuma et al., 1996) . The Fe in the North Pacific Ocean is mainly derived from 36 continental sources, such as eolian dust, riverine input, and sedimentary Fe from the 37 continental shelf to coastal and oceanic waters (Johnson et al., 1999 (Johnson et al., , 2005 In the Sea of Okhotsk, dense shelf water (DSW) is produced by brine rejection due to 46 sea ice formation during winter, which originates in the region of the Siberian and Sakhalin 47 (2003) measured the T-Fe concentrations in the surface waters, which originated from the 91 benthic boundary layer of the continental shelves during upwelling events that caused a 92 substantial part of the Fe in the particulate fraction to be chemically labile (leachable by 25% 93 acetic acid for 2 h). They also suggested that a small but substantial part of labile particulate 94
Fe contributes to the bloom formation around the upwelling plumes (Fitzwater et al., 2003) . 95
Although those previous studies recognize the importance of particulate Fe as a source of 96 bioavailable Fe, the availability of Fe in natural marine particles has not been examined 97 before, except for Fe coming from aeolian dust (e.g., Payten et al., 2009) . 98
In this study, we conducted two types of bioassay experiments to examine the 99 availability of P-Fe for the growth of phytoplankton. First, we examined the availability of Fe 100 associated with marine suspended particulate matters for an Oyashio phytoplankton 101 community through the addition of particulate matters collected in the DSW (SPM DSW ). 
Si(OH) 4 ] to induce probable Fe-starved conditions 122
for the phytoplankton community before use. Nutrient stock solutions were passed through 123
Chelex-100 ion-exchange resin (Bio-rad) to remove trace metals (Morel et al., 1979) . The 124 natural phytoplankton stock was incubated for 6 days in an on-deck incubator. The 125 temperature of the incubator was maintained at near-ambient sea surface temperature (~10°C) 126 by a surface seawater flow-through system. The incubator was covered with a single layer of 127 neutral density screening to achieve approximately 30% of surface irradiance. 128
The SPM DSW (Table  139 Seawater for incubation was collected at three sampling sites located at Stn Oy, in the 180 
DFB. Fifteen bottles for 189
each treatment were prepared and incubated in an on-deck incubator as described above. 190
Three bottles were sacrificed at 1, 3, 5, 7 and 10 day intervals to measure the Chl-a 191 concentration, phytoplankton abundance and macronutrient concentrations. The samples for 192 the beginning of the experiment were taken from the residue in the 20 L tank. The Chl-a 193 specific growth rate was calculated as described above using the Chl-a data from the 194 beginning of the experiment for the control and the Fe-limited media, and from day 1 for the 195 Fe-added media to the day before the nutrient depletions. The growth rate in terms of cell 196 numbers was calculated using the same method as described in the SPM DSW Unfiltered acidified samples were used to measure the total dissolvable Fe (T-Fe) and the 210 samples passed through a 0.22 µm cartridge filter (Millipore) prior to formic acid and buffer 211 addition were used to measure the dissolved Fe (D-Fe) (detection limit: < 0.05 nmol L −1 in 212 this study). In the surface phytoplankton incubations, the Fe amount in the particulate fraction 213 (P-Fe) was defined as follows: P-Fe = T-Fe − D-Fe. Note that the Fe in particulate form 214 collected using an in situ filtration system (> 1.0 µm in diameter) during the SPM DSW addition 215 experiment is represented as P-Fe DSW . The Fe concentrations were analyzed on-board 216 immediately after the collection of the seawater samples at the beginning of the experiment. 217
Our Fe measurement method was carefully assessed using SAFe (Sampling and Analysis of 218 seawater was poured into a settling chamber and allowed to settle for at least 24 hours (Hasle, 225 1978) for the day 0 sample, and centrifuged approximately 400×g for day 5 samples 226 (Throndsen, 1978) before identification using a phase-contrast inverted microscope and light 227 microscope, respectively. Diatom species were identified according to Hasle and Syvertsen 228 Chl-a concentrations increased exponentially in the controls, Fe, and SPM DSW 240 treatments over the 5-day incubation period, whereas the concentrations decreased with time 241 in the SPM DSW −Phy treatment (Fig. 3a) . The order of the maximum Chl-a concentrations 242 during the incubation were as follows: SPM DSW (60.9 ± 4.5 µg L Fe-starved Oyashio phytoplankton community (Table 2 ). In the treatments without the 258 addition of Oyashio phytoplankton (SPM DSW −Phy and DSW raw ), the centric (mainly 259
Chaetoceros spp. subgenus Hyalochaete and Thalassiosira spp.) and pennate diatoms (mainly 260
Thalassionema nitzschioides) dominated, and they contributed equally (Table 2 ). In addition, 261
Hyalochaete spp. resting spores were detected in the DSW raw treatment at levels of 80 spores 262
. It should be noted that the species in the SPM DSW and DSW raw treatments were 263 considered as mainly coastal diatoms (Hasle and Syvertsen, 1997) . At day 5, abundances of 264 the pennate diatoms were three orders of magnitude higher than those of the centric species in 265 the Oyashio phytoplankton-added treatments, except for the DFB treatment, whereas in the 266 DSW raw treatment, Hyalochaete spp., Thalassiosira spp., T. nitzschioides, and, notably, 267 resting spore-forming species such as Thalassiosira antarctica ver. borealis and Ditylumfollowing order: SPM DSW > Fe-added > control > DFB >> SPM DSW −Phy ≈ DSW raw (Table 2) . 270
This order is nearly identical to that of the maximum Chl-a concentrations (Fig. 3a) . The net 271 growth rates during the 5 day incubation period were similar between centric and pennate 272 diatoms in the control, SPM DSW and DSW raw treatments, whereas that of the pennate diatoms 273 was faster than that of the centric diatoms in the Fe-added treatment (Table 4 ). In the 274 DFB-added treatment, the net growth rate of diatoms and flagellates was slower than that in 275 the controls and Fe-added treatments. 276 (Table 3 ). The order of the amount of nutrient drawdown was the 291 same as that of the increase in Chl-a concentrations (Fig. 3 ). The Si:N drawdown ratio was 292 higher in the SPM DSW compared to that of the control and Fe-added conditions (Table 3 ). The 293
Si:P drawdown ratio in the SPM DSW treatment was nearly the same as that of the canonical 294 value for vegetative growing diatoms (Brzezinski, 1985) , whereas the values in the control 295
and Fe-added treatments were smaller than that in the SPM DSW treatment. In the DFB 296 treatment, no Si drawdown and low N:P drawdown ratio were measured. The nutrient 297 drawdown in the DSW raw treatment was too small to calculate the drawdown ratios correctly At all stations, Fe addition stimulated phytoplankton growth compared to the unamended 320 controls (Fig. 5a , b, c). At the beginning of the experiment, the total diatom abundance was 321 the highest at Stn BS (19,500 cells L was predominant in the bottles at all stations. Other dominant species were also small:complex and Pseudo-nitzschia spp., prominently increased in all treatments (Table 4) . 330
Interestingly, at Stns Oy and BS, the growth rate of the centric diatoms was not enhanced by 331 the addition of Fe, whereas that of the pennate diatoms and flagellates were faster in the 332
Fe-added treatment at all stations (Table 4 ). The enhancement effect on the growth rates 333 through the addition of Fe, calculated from cell abundance, was smaller than that due to Chl-a 334 (Table 4 ). In the DFB-added treatment, the Chl-a concentration was unchanged at Stn Oy and 335 increased slightly at Stns BS and Ok. Diatom and flagellate abundance increased after the 336 addition of DFB, although the growth rates were smaller than in the controls (Table 4) . 337 338
Nutrient dynamics 339
The NO 3 +NO 2 drawdown reflected the Chl-a increases; the most rapid drawdown 340 was obtained with the Fe-added treatments, followed by the controls and the DFB treatments 341 ( Four indexes were calculated to examine the Fe nutritional status of phytoplankton 356 (Fig. 7) . First, the relative specific growth rate, calculated from the Chl-a data for the controls 357 (µ control ) and divided by that for the Fe-added treatment (µ Fe-added ), was used as an indicator ofratio was significantly smaller at Stn Oy (0.42 ± 0.07) compared to Stn BS (0.66 ± 0.06), 360
whereas the values were not statistically significant between Stns Oy and Ok (0.64 ± 0.12) 361
and Stns BS and Ok (Dunnet t-test, p > 0.05; Fig. 7a ). Second, we calculated ΔChl-a by 362 subtracting the increase in Chl-a in the DFB treatment from that of the controls as an index of 363 (Fig. 7c and 7d) . These indices are similar proxies to that of ΔChl-a as 375 stated above. The trend in ΔNO 3 +NO 2 was similar to the relative growth rate of 376 µ control /µ Fe-added (Fig. 7a ) and ΔChl-a (Fig. 7b) ; it was higher at Stn BS (12.7 ± 1.2 µg L difference between the growth rate calculated from the Chl-a and diatom cell density was 448 caused by the gradual decrease in the intracellular Chl-a concentration of the phytoplanktonover the incubation period (Sugie et al., 2011) . The Chl-a cell quota was also affected due to 450 light conditions, which may differ between in situ and incubation conditions. It should also be 451 noted that bulk Chl-a concentration values reflect the whole community, while cell counts 452 target specific populations. This may also contribute to differences in growth rate determined 453 via Chl-a vs. cell counts. 454
The Si:N drawdown ratios of the Fe added bottles decreased compared to that of the 455 controls suggesting some contribution from diatoms, especially at Stn Oy, and their recovery 456 from iron-limited conditions, which leads to a high Si:N drawdown ratio (Takeda, 1998; 457 external Fe from the bioavailable fraction to phytoplankton, the net Chl-a increase and 488 NO 3 +NO 2 drawdown were less than those in the controls (Fig. 7) . It suggests that further 489 growth of phytoplankton in the control bottles was not only supported by Fe in the 490 intracellular fraction but also by the extracellular fractions. (Table 5 ). In 508 this study, phytoplankton communities at Stns BS and Ok were Fe-limited; consequently, we 509 selected these ratios determined only under Fe-limited conditions. Because the contribution 510 of coastal species was small (~2% at Stn BS and ~8% at Stn Ok), we used the reported values 511 obtained from oceanic phytoplankton species. Although these values were measured through 512 unialgal culture experiments using nano-and micro-sized phytoplankton, we had no 513 information regarding accurate Fe:Chl-a values in the natural phytoplankton community and 514 pico-sized phytoplankton. The reported Fe:C values of the oceanic phytoplankton used in the 515 above calculation was similar to that of natural oceanic phytoplankton in Fe-limited HNLC 516 regions (Table 5) ) only when applied to the lowest Fe:Chl-a value. The presence of the coastal 526 diatom species would tend to increase Fe demand from the extracellular fraction due to their 527 high Fe requirements compared to the oceanic species (Table 5) . ) and apparent growth rate (day 0 to 5) of 876 centric and pennate diatoms during the SPM DSW addition experiment. 877 Table 3 . Nutrient drawdown (in µmol L 
